Detailed in the present investigation are results pertaining to the photoelectron spectroscopy of negatively charged atomic ions and their isoelectronic molecular counterparts. Experiments utilizing the photoelectron imaging technique are performed on the negative ions of the group 10 noble metal block (i.e. Ni − , Pd − , and Pt − ) of the periodic table at a photon energy of 2.33 eV (532 nm). The accessible electronic transitions, term energies, and orbital angular momentum components of the bound electronic states in the atom are then compared with photoelectron images collected for isoelectronic early transition metal heterogeneous diatomic molecules, M-X − (M ¼ Ti; Zr; W; X ¼ O or C). A superposition principle connecting the spectroscopy between the atomic and molecular species is observed, wherein the electronic structure of the diatomic is observed to mimic that present in the isoelectronic atom. The molecular ions studied in this work, TiO − , ZrO − , and WC − can then be interpreted as possessing superatomic electronic structures reminiscent of the isoelectronic elements appearing on the periodic table, thereby quantifying the superatom concept.
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cluster anions | photoelectron imaging | superatoms | angular distributions | transition metal A lchemy, the medieval practice that endeavored to transform mundane elements into the rarer, exotic variety has found many analogies in the modern physical sciences ranging from gas-phase clusters (1) to surface science (2) . Particularly intriguing was a report (2) demonstrating that a tungsten carbide surface displayed similar chemical reactivity as the noble metal platinum, an element well established in its propensity for catalytically initiating a vast array of chemical transformations. By contrast, elemental tungsten alone did not exhibit comparable reactivity patterns. In order to provide insight to these findings, we have undertaken a comparative spectroscopic investigation between anionic group 10 elements ðNi − ; Pd − ; Pt − Þ and their complementary isoelectronic early transition metal molecular counterparts M-X − (M ¼ Ti; Zr; W and X ¼ O or C). We observe photoelectron signatures and angular distributions in the acquired images that exhibit very similar aspects between the respective atom and molecule. This observation suggests a correlation between the spectroscopy of an element and the isoelectronic molecular species. As a representative example, consider the formation of the diatomic molecule TiO from the united atom perceptive of molecular orbital theory (3) . If only the 6 valence electrons of O ( ½He 2s 2 2p 4 ) are to be considered, subsequent combination with the 4 valence electrons of Ti ( ½Ar 3d 2 4s 2 ) creates a molecular entity with an isoelectronic configuration commensurate with the 10 valence electrons of elemental Ni ( ½Ar 3d 8 4s 2 ). In other words, the early transition metal Ti is positioned on the periodic table 6 elements removed from Ni and the intervening periodic span is traversed by the valency of atomic O. The diatomic molecule, TiO, can be interpreted as a superatomic construct of Ni, where the electronic states describing the atom's energy level structure are transposed to the molecular reference frame. In the united atom theory, a correlation diagram is usually employed to demonstrate the electronic state transposition from the separated atoms limit to the molecular frame as the equilibrium bond distance (r e ) approaches its optimal value (3). This same analogy can be carried into the present discussion, where the isoelectronic element, Ni, is fixed at one extreme that represents the point where r e ¼ 0 and the molecular electronic state superposition of TiO collapses to the atomic limit. As a chemical bond is formed between Ti and O, the r e reaches a point where the diatomic (or superatom) is created, and the electronic states comprising it are superimposed from the isoelectronic atomic derivative. In conducting the experiments herein, we implement the technique of photoelectron imaging to substantiate these conjectures, because apart from obtaining the energy eigenvalues associated with occupied orbitals in an atom or molecule, the acquired photoelectron angular distribution (PAD) permits a glimpse into the quantized space apportioned to the electron prior to its release into the continuum. The PAD is further characterized by the anisotropy β parameter (see SI Text), which provides a quantitative means to connect the observed partial wave signatures with the parent atomic or molecular orbitals from which electron photodetachment occurs.
The Cooper-Zare formula (4) provides a quantitative description of the β parameter evolution for partial wave emission from bound electronic states of definite orbital angular momentum. However, in molecular systems, where the orbital angular momentum is not necessarily a good quantum number, applying Δl ¼ AE 1 to extract geometric partial wave symmetries cannot be employed. Therefore, a formalism is developed to provide a simple method for deciphering the PADs observed from the imaging experiments. This model draws inspiration from the linear combination of atomic orbitals approach in the description of molecular orbital theory, i.e. ϕ MO ∼ c s ψ þ c p ψ þ c d ψ þ … Instead, the exact form of the atomic wavefunction (ψ) is replaced by the exact β value calculated from the Cooper-Zare expression for a discrete l 0 ¼ l AE 1 transition in an atomic system. The hypothetical β-waves are then partitioned among the normalized squares of the atomic orbital coefficients (c
It is prefaced that this model has limitations in its generality. The most obvious notion being direct avoidance of explicitly treating the dynamical photon energy dependent effects induced from the interference term and phase shifts To whom correspondence should be addressed. E-mail: awc@psu.edu.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0911240107/DCSupplemental. appearing in the Cooper-Zare formula (4) . Herein, only the relative magnitude of β at its limiting values for emission into l 0 ¼ l AE 1 continuum states and β ¼ −1 for pure interference are incorporated in all possible combinations with the calculated c 
An additional five β-wave expressions can then be written for the 9σ orbital which relate all the possible combinations of the partial waves orbital symmetries when one coefficient (or both) is dominated by a pure interference term (β x y ¼ −1).
1 and 4 correspond to pure l 0 → l þ 1 and l 0 → l − 1 transitions for both orbital coefficients ðc 2 p ; c 2 d Þ; whereas 2 and 3 can be thought of as cross-terms. Here, one coefficient is dominated by the upper asymptotic l 0 → l þ 1 channel and vice versa for the remaining coefficient. Similar arguments hold for 5-9, where geometric considerations from pure partial wave interference are combined with the possible l 0 ¼ l AE 1 transitions.
In contrast, the low-lying 1δ orbital is essentially derived from the 3d atomic orbital of Ti, reflected in the coefficients, c 2 s ¼ 0, c 2 p ¼ 0, and c 2 d ¼ 0.99 (with a vanishing contribution from c 2 f ). Thus, only two possible β-waves can be constructed from these atomic orbital contributions:
In effect, these two β-waves are the predicted values from the Cooper-Zare formula for photodetachment from an atomic dorbital (4). Moreover, if a pure interference term were incorporated, the resulting β-waves would be quantified simply bŷ
Consequently, as will be shown, only nonnegative β values are measured from the PAD of TiO − . Therefore, of the possible electronic transitions that could access this 1δ molecular orbital, PAD anisotropies from partial wave interference can be ruled out entirely. Correlations are now sought between the experimentally determined β values and those deduced from the β-wave equations describing the 9σ and 1δ orbitals.
Results and Discussion
The results of the photoelectron imaging experiments for Ni − and TiO − , acquired at a photon energy of 2.33 eV (532 nm), are presented in Fig. 1 . Also, Table 1 collects the peak assignments, vertical detachment energies (VDEs) and β parameters measured for the indicated transitions appearing in the isoelectronic Ni − and TiO − photoelectron images. In the Ni − binding energy (BE) spectrum, the observed features have been previously assigned to transitions between the ground 2 D 5∕2 ( ½Ar 3d 9 4s 2 ) and excited 2 D 3∕2 electronic states of the anion to the spin-orbit split 3 D J ( ½Ar 3d 9 4s 1 ) and higher energy singlet 1 D 2 terms of the neutral atom (6). These possible detachment pathways are outlined in the energy level schematic of Fig. 1 . In particular, peak B arises from the near energetically degenerate (6). The term energy (T e ) of the singlet 1 D 2 level is accurately known from optical measurements to be 3409.937 cm −1 relative to the 3 F 4 ground state (7) . The observed electronic transitions proceed through detachment of the 4s orbital in agreement with the characteristic p-wave anisotropy and measured β ∼ þ2 listed in Table 1 .
An isoelectronic connection linking the similarities between the respective PADs in Fig. 1 (5) . Note this T e ( 1 Δ 2 ) nearly matches that T e ð 1 D 2 Þ measured in the isoelectronic Ni atom. The individual spin-orbit components of the 3 Δ Ω neutral ground state of TiO are energetically sequenced in the normal order as opposed to the inverted order observed in the 3 D J state of Ni. Consideration of the Lande interval rule for multielectron atoms is extended to the molecular case of TiO. Satisfying the total angular momentum coupling about the TiO internuclear axis (Ω ¼ jΛ þ Σj, for Λ ¼ 2 and Σ ¼ 0; AE1) places the 3 Δ 1 component as the minimum spin-orbit level followed by the sequential ordering of Ω ¼ 2; 3 at higher energy (3). The converse is observed in the 3 D J electronic state of Ni, depicted in the energy level schematic of Fig. 1 , where the inverted multiplet progression originates with the 3 D 3 component and increases with lower values of total angular momentum, J. Although, in principal the same RussellSaunders LS coupling scheme applies, J ¼ ðL þ SÞ; ðL þ S − 1Þ; …; jL − Sj, the level inversion now results from the known empirical observation that valence shell configurations (l x ) possessing more than half-filled electron occupancies,
1 ) have maximum J quanta as the spectral origin of the multiplet splitting (8, 9) .
These arguments can be further employed in assigning the ground electronic state of the negative ion, TiO − . The united atom spectroscopic correlation would predict that the molecular superposition of the 2 D 5∕2 ground state of Ni − extrapolates to a 2 Δ 3∕2 ( ½… 1δ 1 9σ 2 ) ground state of the isoelectronic counterpart, TiO − . The only difference being in the quantum of total angular momentum between the isoelectronic pair, which due to the 2 D J 0 ( ½Ar 3d 9 4s 2 ) configuration of Ni − (x > 2l þ 1) results in an inverted J ¼ 5∕2 lowest energy value (10) . It is interesting to note that the 2 Δ 3∕2 ( ½… 1δ   1   9σ 2 ) ground state results from an electron occupying the 9σ orbital, mimicking the odd 3d and even 4s configuration of the 2 D 5∕2 ( ½Ar 3d 9 4s 2 ) ground state of Ni − . Supporting the 2 Δ 3∕2 assignment of TiO − are the PAD partial wave patterns of Fig. 1 , clearly demonstrating salient p-wave symmetries, ruling out the possibility of a 4 Σ − ( ½… 1δ 2 9σ 1 ) ground state with ensuing 1δ emission (11) . Consequently, a recent coupled-cluster [CCSD(T)] calculation predicts the 4 Σ − to be 1.73 eV higher in energy relative to the proposed 2 Δ 3∕2 ground state (10) . Inferring the measured electron affinity (EA) of 1.31(1) eV (peak B 0 , Fig. 1 (6, 12, 13) . Again, the normal sequence of total angular momentum coupling is observed in the 2 Δ 5∕2 excited state of TiO − , a consequence of the positive projection of the resultant spin component, Σ ¼ þ1∕2, combined with Λ ¼ 2. The feature labeled peak D 0 in Fig. 1 , appearing at a VDE of 1.62(1) eV (Table 1) , has been previously assigned as an excitation into the 1 Δ 2 state (11). Subtracting the singlet T e ð 1 Δ 2 Þ ¼ 3448.32 cm −1 (approximately 0.42 eV) level from the measured VDE of peak D 0 corresponds to a spectral origin of approximately 1.2 eV from the ionic manifold. The discernable shoulder at 1.20(1) eV (Table 1) , labeled peak A 0 in Fig. 1 , is attributed to the 3 Δ 3 ← 2 Δ 5∕2 anion excited state transition rather than a vibrational "hot band" excitation (11) . This detachment process directly parallels the anion excited state transition 3 D 1 ← 2 D 3∕2 in the BE spectrum of Ni − , contributing to the peak B feature (6) . A fine structure splitting, 2 Δ 5∕2 − 2 Δ 3∕2 , of 0.11 (1) (6, 13) .
The above discussion illustrates that the dipole allowed electronic transitions arising from TiO←TiO − appear to be mimicking those present in the BE spectrum and PAD of Ni←Ni − . Apart from the disparity in total angular momenta (Ω or J), which was argued to originate from multiplet inversion, the resulting electronic terms of the respective ground and excited states for the negatively charged and neutral TiO∕Ni isoelectronic pair are also similar. By application of the β-wave analysis, it is further demonstrated that the 9σ molecular orbital of TiO − produces partial waves having comparable anisotropies as those emitted from the 4s atomic orbital of Ni − . Starting with the 3 Δ 1 ( ½… 1δ Table 1 (peaks A 0 , B 0 , D 0 , and E 0 ) with those β-waves describing ejection from the 9σ orbital [4] [5] [6] [7] [8] [9] shows encouraging agreement, within error limits, between the experimental findings and the simple model. In fact, for peak E 0 , which corresponds to the 1 Δ 2 ← 2 Δ 3∕2 transition, a duplication of the measured β ¼ 1.44ð1Þ is afforded by β-wave in 9. On the contrary, if electron detachment were to instead proceed from the 1δ orbital, the maximum possible value the hypothetical β-wave could obtain isβ 1δ ∼ 0.8, shown by 10. From Table 1 , this 
magnitude of the β parameter was not measured in the PAD of TiO − . Also, the 1δ molecular orbital is composed entirely from contributions of the 3d atomic orbital of Ti. Without any significant atomic s angular momentum partitioned in the 1δ orbital, the likelihood of an ejected partial wave possessing a β > 1 is not probable (at any wavelength). Therefore, the only molecular orbital constructed of the appropriate angular momentum to produce the observed anisotropies in the PAD at the employed photon energy must be the 9σ orbital. The electronic ground state of TiO − is then 2 Δ 3∕2 ( ½… 1δ 1 9σ 2 ) .
The results of the photoelectron imaging experiments for the isoelectronic systems ZrO − ∕Pd − and WC − ∕Pt − at a photon energy of 2.33 eV (532 nm) are shown in Figs. 2 and 3 , respectively. The results given provide additional evidence that the spectroscopic correlation appears to work down columns of the periodic table when the transition metal of the diatomic is changed, as well as across a periodic row when the nonmetallic substituent is changed from O to C. The same arguments made in the TiO − ∕Ni − case regarding the asymmetry in total angular momentum resulting from multiplet inversion also pertains for the electronic states comprising these additional isoelectronic systems.
The anion ground state of Pd − is the doublet 2 S 1∕2 ( ½Kr 4d 10 5s 1 ) (12) (13) (14) . Excitations stemming from this spectral origin into the neutral ground 1 S 0 ( ½Kr 4d 10 ) and excited 3 D J ( ½Kr 4d 9 5s 1 ), 1 D 2 states result in the progression conforming to peaks B, D, E, F, and H in the BE spectrum of Fig. 2  (14) . The EA transition, 1 S 0 ← 2 S 1∕2 , appears as the largest ring diameter in the PAD of Fig. 2 and has a calibrated value of EA ¼ 0.56ð1Þ eV (13, 14) . An appreciable population of excited state, 2 D 5∕2 ( ½Kr 4d 9 5s 2 ), metastable Pd − ions also exists and produces an additional sequence assigned to peaks A, C, D, and G (14) . The ground electronic term of neutral ZrO has been established from optical spectroscopy as the singlet 1 Σ þ ( ½… 12σ 2 ) state (15) , mimicking the singlet 1 S 0 neutral ground state of Pd, aside from the angular momentum of the highest occupied orbital. The first neutral excited state, 3 Δ Ω ( ½… 2δ 1 12σ 1 ), resides T e ð 3 Δ 1 Þ ∼ 1099 cm −1 (∼0.14 eV) higher in energy (16) . Comparable to the inverted 3 D J Pd triad, the ZrO 3 Δ Ω manifold is similarly composed of three normally aligned fine-structure components. However, the energetic distance between adjacent Ω levels is considerably smaller, on the order of approximately 1487 cm −1 (0.18 eV) (16) . The combined effects of these finite energy separations causes a congested spectral region to develop around 1.0-1.5 eV in the ZrO − BE spectrum of Fig. 2 . This is in contrast to Pd, where a clear 1 S 0 − 3 D J separation, spanning 0.81 eV, is observed (17) . However, if this 1 S 0 − 3 D J gap of Pd were shifted about 0.7 eV the EA transition, 1 S 0 ← 2 S 1∕2 (peak B), would blend into the 3 D J sequence at higher BE, producing a broad PAD, precisely that discerned in the ZrO − image.
The singlet ground electronic term designation of neutral ZrO,
2 ), suggests the filled occupation of the 12σ molecular orbital (15) . However, this valence configuration would assume that the extra electron enters the empty 2δ orbital, producing a 2 Δ Ω ( ½… 12σ 2 2δ
1 ) anion ground state term. If this molecular orbital picture were assumed correct, the first photodetached electron would be the lone unpaired spin residing in the highest occupied 2δ orbital. Disagreement between this occupation scheme and the partial wave symmetries in the ZrO − photoelectron image of Fig. 2 is observed, where instead dominant p-wave signatures are clearly evident. Based on the 9σ orbital β-wave analysis of TiO − , the highest occupied orbital of ZrO − must possess significant 5s angular momentum contributions to produce the predominant parallel anisotropy displayed in the PAD. Preserving the original singlet multiplicity, an alter-
2 ) ground state can be generated. Addition of one electron produces a 2 Σ − ( ½… 2δ 2 12σ 1 ) anion ground state. These leading valence electron configurations replicate the unique closed d-shell neutral 1 S 0 ( ½Kr 4d 10 ) and anion 2 S 1∕2 ( ½Kr 4d 10 5s 1 ) ground states of the Pd atom (14) . Shown in the higher-resolution ZrO − image reconstruction slice (inset Fig. 2 ) are several previously buried peaks labeled A 0 and B 0 , with perceivable shoulders for C 0 and D 0 . Specifically, peak B 0 is assigned as the EA defining transition, 1 Σ þ ← 2 Σ − , having a measured value of 1.29(1) eV. This measurement agrees well with the only other known EA determination of ZrO − of 1.3(30) eV (17) . Supporting the neutral configuration, 1 Σ þ ( ½… 2δ 2 ), is the fact that detachment from the 12σ orbital produces emission patterns having prominent atomic p angular momentum symmetry with an evaluated β ¼ 1.51ð1Þ. The magnitude of the measured EA of ZrO − suggests an additional correspondence with Pd − . The difference between the EAs of Pd − and ZrO − is approximately 0.7 eV. Recall that this energy difference is the same amount the Pd electronic states are shifted relative to those in ZrO. Also, peaks A 0 and A 00 can be assigned to the excited 2 Δ 3∕2 ( ½… 2δ   2   12σ 1 ) and 2 Δ 5∕2 states, mimicking the metastable 2 D J 0 states of Pd − . The results of the photoelectron imaging experiments on the final isoelectronic system investigated, Pt − and WC − , acquired at a photon energy of 2.33 eV (532 nm) are presented in Fig. 3 . The electronic ground state of Pt − is the doublet 2 D 5∕2 ( ½Xe 5d 9 6s
2 ) (12). Notice again the multiplet inversion of the total angular momentum J ¼ 5∕2 value. The EA transition proceeds from detachment of the highest occupied 6s electron, 3 D 3 ← 2 D 5∕2 , with a calibrated value of 2.12(1) eV (12, 18) . This transition is labeled as peak D in the BE spectrum and level diagram of Fig. 3 . The next higher BE feature, appearing at a VDE ¼ 2.22ð1Þ eV (peak E/F) is a combination of electronic transitions into the 1 D 2 and 3 F 4 neutral excited states (7). All 1 ). This electronic term designation and orbital occupation are analogous to the lowest energy triplet 3 D 3 ( ½Xe 5d 9 6s 1 ) level of the neutral isoelectronic element, Pt (apart from the Ω∕J inversion). Addition of one electron into the highest occupied 16σ molecular orbital results in a doublet 2 Δ 3∕2 ( ½… 4δ 1 16σ 2 ) anion ground state configuration (21) . The anion excited states, 2 Δ 5∕2 and 4 Σ − ( ½… 4δ 2 16σ 1 ), have also been recently assigned (21) . This ionic energy level structure is imprinted from that present in Pt − , although the spin multiplicities are observed to conflict between the WC − quartet 4 Σ − and doublet 2 S 1∕2 state of Pt − . However, this disparity is a simple consequence of the level degeneracy associated with the 5d and 4δ orbitals.
The most intense transition, labeled as peak D 0 in the WC − spectrum of Fig. 3 , corresponds to the EA defining transition, 3 Δ 1 ← 2 Δ 3∕2 , measured in the current study as EA ¼ 2.14ð1Þ eV. Of particular mention is the near equivalency of the EAs between the isoelectronic pairs, with values corresponding to 2.12(1) eV for Pt − and 2.14(1) eV for WC − . The first neutral excited state transition, 3 Δ 2 ← 2 Δ 3∕2 , labeled as peak F 0 , appears at a VDE ¼ 2.28ð1Þ eV in Fig. 3 . Of note, in older editions of optical spectroscopic tables (22) , the first excited state of Pt was listed as the 3 D 2 level, mirroring the 3 Δ 2 first excited state of WC − , but is now known to be the 1 D 2 singlet. Also, in this BE range at VDE ¼ 2.25ð1Þ eV, is observed a transition into the first vibrational level of the 3 Δ 1 ground state, labeled as peak E 0 . This splitting pattern between peaks E 0 and F 0 is echoed in the photoelectron spectrum of Pt − . A higher energy resolution scan (to separate the approximately 6 meV difference) would reveal a similar pattern for the individual 1 D 2 ← 2 D 5∕2 and 3 F 4 ← 2 D 5∕2 transitions occurring for peaks E and F in the Pt − spectrum of Fig. 3 .
Transitions appearing before the EA transition (peak D 0 ) are likewise deduced to originate from the 4 Σ − and 2 Δ 5∕2 excited states of metastable WC − ions, as was previously assigned in the Pt − spectrum. Peak A 0 , appearing at a VDE ¼ 1.52ð2Þ eV, is attributed to the anion excited state 3 Δ 1 ← 4 Σ − transition, with a measured β ¼ 0.71ð10Þ. This anisotropy parameter agrees with detachment from the 4δ molecular orbital, whose construction is solely derived from the 5d atomic orbital. At VDE ¼ 1.89ð1Þ eV is peak B 0 being assigned to the
The weak intensity and diffuse character of this feature may be reflected in its dipole-forbidden nature. The symmetric transition reverberated in the Pt − atomic limit corresponds to the 1 S 0 ← 2 S 1∕2 (peak B, Fig. 3 (23) . Coupling the measured T e ð 4 Σ − Þ ¼ −1.52 eV with the theoretically determined T e ( 3 Σ − ) provides a transition energy of 1.90 eV, in excellent agreement with the evaluated VDE of peak B 0 . Finally, peak C 0 appears at a VDE ¼ 2.01ð1Þ eV in the WC spectrum of Fig. 3 . A previous assignment suggested the vibrational hot band excitation, 3 The comparative photoelectron imaging experiments conducted on the group 10 noble metal column ðNi − ; Pd − ; Pt − Þ and isoelectronic heterogeneous transition metal diatomic counterparts ðTiO − ; ZrO − ; WC − Þ displayed intriguing similarities in both the acquired PADs and BE spectra. The conjecture is made that a correlation principle may exist connecting the spectroscopic features produced independently between the element and molecule of isoelectronic character. The diatomic molecules investigated are interpreted as possessing superatomic electronic states, resulting from a transposition from the atomic limit of the respective isoelectronic elements into the molecular reference frame. The electronic structure and orbital angular momentum is thus superimposed onto the elemental mimic from this transposition, producing comparable photoelectron signatures in the imaging experiments. We have observed this spectroscopic correlation persist down a periodic column when the identity of the transition metal constituting the diatomic is changed, as well as when the nonmetallic substituent is altered in traversing across a periodic row. It is intended to confine this study to the 532 nm wavelength employed, to directly probe the mechanism governing this isoelectronic principle when the identity of the atoms constituting the diatomic species is varied. Future investigations that directly explore the photon energy dependence of the PADs between an isoelectronic pair are envisioned to provide further insight in the angular momentum constructing the interrogated molecular orbitals, as well as improve the β-wave analysis by uncovering additional terms to account for the dynamical variance of β with photon energy. Although the β parameters for symmetric electronic transitions between the isoelectronic element and superatom are expected to not exactly match one another (because the inherent construction of a molecular orbital is not uniquely quantized by a discrete l) we do predict the respective β parameters to follow the same trend with varying photon energy. These topics will be addressed in future investigations. An immediate avenue to explore is how far this isoelectronic correspondence extends. For example, would the diatomics ScF − , VN − , CrC − , or CoH − , being isoelectronic with elemental Ni − , also exhibit this molecular electronic state superposition? Predicted from multireference CI calculations (25) and assigned from anion photoelectron spectroscopy (26) , the electronic ground state of neutral CoH is the 3 Φ Ω spin-orbit manifold, paralleling the 3 F J neutral ground state of Ni, where it is observed that both CoH and Ni share the same inverted Ω∕J sequence with respective 3 Φ 4 and 3 F 4 ground state terms. By carefully choosing the atomic components constructing the superatom, a degree of quantum control can be exploited, such that the quantum numbers describing the isoelectronic element and superatom can be virtually duplicated between the pair. Moreover, similar trends can be expected when considering heavier transition metal diatomic combinations, e.g. the highest occupied orbital of TaN − is predicted (27) to resemble the symmetry of the 16σ orbital of WC − , continuing the Pt − isoelectronic correspondence. It is tantalizing to suggest this same isoelectronic principle may hold to increasing orders of molecularity, i.e. would the cluster ðTiOÞ 2 mimic the electronic properties of Ni − 2 or could TiO − 2 emulate the spectroscopy of NiO − ? Perhaps more intriguing is whether a quantitative study comparing the reactivity between the element and the isoelectronic molecule exhibit similar kinetics. Such a study could offer a more clear interpretation to the anomalous catalytic response between Pt and WC surfaces. Indeed, numerous experiments can be devised to further investigate this intriguing phenomenon, and we hope that the contribution presented here will stimulate additional inquiry.
Materials and Methods
The atomic and molecular negative ions investigated were produced in a laser vaporization source and analyzed by time-of-flight mass spectrometry. The species of interest is mass-selected from the molecular beam and excited by a 2.33 eV (532 nm) linearly polarized laser pulse. Photoelectrons are accelerated to position sensitive detectors where the resulting 2-dimensional (2D) velocity distribution is captured by a charge-coupled device camera. The 3D distribution is reconstructed with the basis set expansion algorithm (28) . The β parameters are calculated from the differential cross section formula (4) . The BE calibration is accomplished with the seven one-electron transitions in atomic Pd − (13, 14) . The energy resolution of the imager is ΔE k ∕E k ∼ 7.5%, i.e. 75 meV for electrons possessing 1 eV of kinetic energy (E k ).
